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ABSTRACT
:359¢4

The absorption spectrum near the band edge of
amorphous selenium was measured at temperatures between
295°K and 20°K on eveporated samples with and without
substrates, A large difference between the two types
of samples was noted especlally at low temperatures.
Structure 1n the asbsorption spectrum of unsupported
samples similar to that observed in other semiconductors
was analyzed and 1t 1s suggested that thils structure 1s
caused by Indlrect transitions between the valence band
and the conductlon band and by the formation of indirect
excitons. The energy of the phonon assisting in the
indirect transitions was found to be 0.023 eV. The
binding energy of the exclton was 0.076 eV, and the
energy of the indirect band gap was 1.717 eV at room
temperature, increasing neerly with temperature by
7.4 x 10_u eV/%K over a wide range of temperatures.

These results are compared with other experimental
observations for both hexagonal and amorphous selenium
and with recent energy band calculations. The results
are explalined in terms of a band model for amorphous
selenium which has band minima on the hexagonal plane
perpendicular to the direction of the c-axis 1n the
first Brillouin zone of hexagonal selenium. The band
scheme 1s justified by the exlstence of short range order

which exists in small regions of the amorphous material.
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CHAPTER T

INTRODUCTION

In the past ten years experimental and theoretical
advances in the study of the optlcal absorption spectra
of semiconductors have contributed greatly to the under-
standing of these materials. The onset of strong optical
absorption near the vislible portion of the spectrum is
known to be assoclated with the excitation of electrons
from the valence band, across the forbidden gep, to the
conduction band, or with the formation of excitons. In
most semiconductors, the absorptlon coeffilcient rises
several orders of magnitude in only a fraction of an
electron volt, Location of thls absorption edge then
gives a rough measure of the band gap of the materlal.
The electrical propertles of semiconductors are in-
fluenced strongly by the electronic states just above
end below the band gap. It 13, In theory, possible to
determine these states from optical measurements.
Therefore, careful measurement and analysls of the
optical absorption edge 1s an important element in the
gtudy of the properties of a semlconductor.

Although the edge has been located for many semi-
conductors, careful analysis of the edge has been made
for only a few. Probably the best-known and most

1



extenslve work has been carried out on germanium and
siliconlhu. In these materlals a detalled knowledge of
the band structure has been galned from the optical
abgsorption measurements, together with other experiments
such as cyclotron resonances, galvano-magnetic effects,
and magneto absorptlion to name a fewé. The end result
1s that the ensergy band structures for these materials
are now known to a high degree of precision and certalnty.
A1l of the materials for which detalled measurement
and analysls of the optlcal absorption edge have been
made have been nearly perfect crystals, partly because
a preclse band structure wlth specific symmetry 1s deflned
only for such an orderly array of atoms. In thls work,
the optical absorption edge of amorphous selenium 1s
examined, This material can be prepared either by rapild
cooling from the molten phase or by vacuum evaporation.
Laue x-ray diffraction patterns show no apparent order,
but studies using other x-ray techniques show that con-
siderable order exists over regions about lOX in size7.
The structure is similar to hexagonal selenium which con-
sists of sgpiral chains having three atoms per turn, The
equivalent atoms on adjacent chalns form a hexagonal net-
work, The nearesat neighbor lies along the chailn at =
distance of 2.3ZX and a bond angle of 105.5°, and the

second nearest neighbors are located on adjacent chailns



at a distance of 3.&62. Figure 1 1s a schematic diagram
of the hexagonal structures’g. The nearest nelghbor
distance in amorphous selenium 1s also 2.322, but the
next nearest nelghbor distance 13 increased to 3.8087.

The purpose of this work was to measure and ansalyze
the onset of absorption in amorphous selenium in a manner
similar to that used for other crystalline semiconductors.
Extensive optical measurements in the region of the ab-
gorption edge have been made previouslylo’lé, but have
not been analyzed in such a manner. The exlstance of
short-range order has prompted this author and othersl?-23
to interpret measurements in terms of the band theory.

The theory of the optical absorption edge has been derived
elsewhere for several cases, and a review of this work 1s
presented in Chapter II, 1In order to get meanlingful
results from the absorptlon measurements the functional
dependance of the absorption coefficlent on both photon
energy and temperature must be known accurately. The
experimental techniques used in obtalning this information
in the region from 1.5 - 2.0 eV are presented in Chapter
ITI together with some new techniques used to prepare the
samples. The results of the measurements are presented

in Chapter IV, where 1t 1s suggested that the low values
of the absorption coefficlent are caused by indlrect

transitions to the conduction band and the exciton band.
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The Indlrect band gep at room temperature 1s found to be
1.717 * 0.005 eV and the binding energy of the exciton 1is
0.076 + 0.01 eV. The indirect band gap decreases with
increasing temperature by 7.4 x 10—u eV/%K, over a large
temperature range. The absorption spectrum which yielded
these results was measured from 20°K to 295°K on thin
evaporated samples without substrates. The results are
discussed in the 1light of recent band calculations in
Chapter V, The most recent calculation would lead one

to expect only direct transitions so that a minimum in

the conduction band 1s proposed in a different symmetry
directlion. There are many different experiments that
could be done which would further demonstrate the exlst-
ence of an indirect band gap iIn amorphous selenium. Some
of these are suggested 1In Chapter VI, as well as further
measurements that could give a better understanding of

this material.



CHAPTER II

THEORY OF THE OPTICAL ABSORPTION-EDGE SPECTRUM

l; Introduction

In this chapter the theory of the optical absorption
spectrum is reviewed. We shall be Interested in expres-
slons for the absorption coefficlent for the cases of
direct and indirect transitions for single, non-degenerate
bands. Only the results of the calculations are presented
here, and the reader should refer to a review article by
T. P, McLeangu for a full discussion. The expressions
which follow were taken from this article with only slight

modifications in form and notation.

2. Definitions

—

The optical absorption coefflcient 1s a property of
the material and is defined as the energy removed per unit
time and volume from & beam of unit intensity. Let E? be
the electric fleld vector in a medium of refractive index
N such that the energy density in the medium 1s "<E>741T
If w(E) 1s the probabllity per unit time per unit volume
that a photon of energy E=#® has been absorbed causing an
electronic transition, then the absorption coefficient is

given by

4T E
K(E): yedF < WI(E) (2-1)
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where € 13 the velocity of 1light. The problem is to
calculate the transition probability w-(E). This is done
formally using the seml-classical theory of radistion.
The Hamlltonlian for the system in 1ts simplest form
conslats of two parts: the atomlic Hamiltonian and the

interaction or radiation Hamiltonlan given by

e . 2
=__'.n__z A(Y‘f) + O (A") (2-2)

-t
where A 1s the vector potential of the radiation field,
and the summation runs over the valence electrons, or more
preclsely all of the electrons 1n the crystal. Terms are
added to Eq. (2-2) to treat the more complex cases. The
probability that a transition has occured in time t from
- -
the ground state 19) to a state lK,,K.» described by the
- —»
wave vectors kv and K. 1n the valence and conduction

bands respectively 1s gilven by

2
w(g)=% %’IZZ_ KR KIHd) S[ERI-EMI-E]  (oo3)
K K.
The factor of 2 accounts for the spln states of the
electron. In this equation V 13 the volume of the
-_p
crystal, and E(K{) 1s the energy associated with an

. -l
electron in the band ¢ with wave vector K The

t >
summation should extend over all possible states while

the 8 ~-functlion insures conservation of energy.



Thus, to predict the absorption coefficient, one must
have accurate knowledge of the wave functlons of the
electrons and must also be able to perform the summation
over 8ll states., Thls 139 generally a task too formldable
to be realistic and impossible in the case of amorphous
gelenium where the symmetry assoclated with a particular
atom can only be approximated. It 1s possible to treat
speclal cases with simplifying assumptlons to get useful

results as 1s shown 1n the next two sections.

3. Direct Transitions

The simplest case that can be treated 1s for the
excitatlion between two parabolic bands whose extrema lile
at the same polnt in T(,-Space. If we agssume that the
electronic states may be represented by Bloch functlons,
and convert the summation in Eq. (2-3) to an integration
In the usual way, the phase factors will yleld a $ -function
of the form S(K,-R’,-?{) where :{ 1s the wave vector of the
photon. Since the wave vector for photons of energy
~ 2 eV 1s very small in comparison to the size of the
electronic wave vectors, 1t is assumed In this case that
only vertical or direct transltions can occur as shown
by the heavy arrow in Fig. 2(a). In this case, the
absorptlion coefficlent 1s glven by

#k‘]

atg): ot (ak Mge] & Sleq-€ + 25

2M (2-L)
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(2-5)

and r? is the reduced effective mass given by

.-'1'— - —-1-'-— +.i.
§r my m2
The minimum energy separatlon of the bands as shown in

Fig. 2(a) 1is denoted by E There are several constant

g °
factors that appear in Eq. (2-l4) which could be evaluated
i1f the electronic wave functlons were known. But, these
are glven throughout thls chapter by one symbol whose
numerlical value 1s unlmportent to the discussion. These
constant factors willl 1n general have dilfferent values

for the different cases, but will not be glven separate
labels here. The first term in the matrix element of Eq.
(2-5) will either be dominant or zero depending on whether
the transition 1s "allowed" or "forbidden" by symmetry In
the usual dipole sense. Assuming the matrix element to

—

be constant in the neighborhood of K, we find for the

case of allowed transitions that
const. Ya
«, (€)= ¢ LE-E,|] (2-6)

and for forbldden transitions,

st. ¥
o« (E)= T [E-E T (2-7)



=t
[

These results neglect the Coulomb intersction between
the electron in the conduction band and the hole in the
valence band. It 1s possible that the bound electron-hole
palr (exciton) can be excited to give large absorption
values below the band gap and, similar to the absorption
spectrum of hydrogen, there 1s absorption into the
continuum which produces unbound electrons and holes.
There 13 a comprehensive review article on excitons by
Knox25, and again, only the results are summarized here.
As asbove we dlstingulsh between the cases of allowed and
forbldden transitions. One finds that for E E? the

absorptlon coefficient is given by elther

_ const. e* _
oo (E) = E sinhz (2-8)
or
z
const. 1’ e
where ,
Eex(0) ]/ﬁ
Z2=1r E - Ea
o4
and E, )= S %r6? is the binding energy of the exciton.

These results agree with the case when exciton effects are
ignored for E > E8 , but have non-zero values at E=E3 .
It should be noted that these results are almost
solely dependant on the form assumed for the shape of the

bands, but near the extrema, parabolic bands are a good
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approximation., We have also neglected the effects of
degeneracy and more than one equivalent band. It 1is
difficult to treat these cases, but this may not be a
serious limitatlon since higher order effects such spin-

orbit splitting may remove some of the degeneracy.

L. Indirect Transitions

It 13 posslble that the extrema in the conduction
and valence bands do not occur at the same polnt in K' -
space, TFrom the conslderations above one would not expect
to observe absorption at energles below the minimum
vertical energy separation of the bands because of the
conservation of momentum, It 1s possible, however, that
the lattice can glve up or absorb the momentum required
to make an indirect transition. Phonons or crystal defects
may be sources or sinks for the momentum. These sources
will provide only a small amount of energy for the
transition, and the photon will still have to provide
most of thils energy.

The theory for indirect transitlons 1s developed in
a manner similar to that for direct transitlons except
that the Interaction of the electron and hole with the
lattice 1s taken into account. The detalls of the
calculation become involved rapldly and are readily
avallable elsewhere23’2u, 30 only the results are

presented here,
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Assuming that the tands in the neighborhood of the
extrema are parabollc, and neglecting the effects of
excltons, one finds that

" 12 2
t. i [Meel ’ Kl
u(Q=ﬂmL-Z: = i E-(E+%6:[k
E , - oL
a oy hekY (1 ex'(. _?@- E3

phonen
ranches

IM@Z et rari ?
t o (o [E- (€] -re1%1)]

where R 1s Boltzman's constant, ©;[K] 1s the temper-

(2-10)

ature assoclated with a phonon in branch ( of the phonon
spectrum, and E; 1s the indirect band gap energy as shown
In Fig. 2(b). The first term under the summation corre-
sponds to the absorption of a photon and the emission of
a phonon, while the second term 1s assoclated with the
absorption of a phonon and & photon. Each term will con-
tribﬁte to the absorptlion coefficient only when the
squared quantity 1s positive. The exponentlal factors
glve the number of phonons which can be absorbed or
emitted by the lattice at the temperature | . As above
1t 1s necessary to differentiate between allowed and
forbidden transitions. Equation (2-10) 1s changed by
summing over the forbidden branches of the phonon
Spectrum and allowing the absorption to rise as(AEfﬂ

The temperature dependance in the two cases will be the

same,
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The problem rapldly incresses 1in complexity when the
effects of excitons are Included. For photon energles

near the band gap, the absorption spectrum can generally

be descrlbed by the relation

d(E):E‘i_ESLZL: { M| 5[5-(53&5,,(0)»(&6‘-[@3

1-exp(- %)

(2-11)

where the functional form of F;[E] depends on whether
the transitions are allowed or forbidden. There are a
series of contributions beginning at the onset of
transitlions Into the lowest exclton state and rising until
there are transitions produclng unbound electron-hole
pairs. For allowed transitions, the absorption coef-
ficlent rises initially as the Ya power, and then rising
as the 3/ power, eventually golng to a squared dependance.
For forbidden transitions, the series % , 5 , 3 should
be observed. This equation describes the creation of an
"indirect" exclton from a& hole near E; (the valence band
wave vector) and an electron near E; (the conduction
band wave vector). This is opposed to the "direct"
exciton whose electron and hole wave vectors are nearly
the same. The two terms under the summetion correspond

to the creation of an exciton and a phonon, and the

creation of an exclton and annihllation of a phonon by
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photons respectively., This 1s similar to the case of
indirect band to band transitions that create unbound
electrons and holes,

To summarize, the simple theory predicts that near
the onset of transitions, the absorption will rise as a
function of the photon energy minus a constant to some
power. For direct transitions, the theory predicts there
will be a smooth rise In the absorption proportional to
(AE)%' or (Aﬁf&depending on the symmetry. For indirect
transitions, there will be several components which will
give, not a smooth curve, but one with "knees" or "bumps"
In 1t corresponding to the onset of phonon emission or
absorption. A careful sasnalysis of the absorption edge
spectrum should indicate whether the band gap 1s direct
or 1ndirect, and glve the value of the exclton binding
energy and the value of the band gap. The methods used
to analyze the experimental data to get this informatlion

will be presented in Chapter IV.



CHAPTER TIT

EXPERIMENTAL TECHNIQUES

1. Determination of the Absorption Coefflclent

Measurement of the intensity of light entering and
leaving a sample of thickness d may be used to measure
the absorption coefficient since both the intensity and
energy are proportional to (gf « Phenomenologically,
the absorptlion coefficlent 13 deflned by the relatlon
-ad

where I, 1s the intensity transmitted by the sample
end I, 1s the intensity just inside the first surface.
Some of the light entering the sample 13 reflected and
must be taken iInto account in any real messurement. Let
I, be the true incident intensity and R the ratio of
the intensity reflected from the asir-sample interface,
then

T, (I‘R)z e-o(d

T~ 1- Rle? (3-1)

(-]

1s the correct expression for the transmittance of a semple
in air neglecting any interference effects.

The absorption coefficlent may be determined from
values of R and the transmittance. The reflectance R ,

however, i1s difficult to measure at normal incidence.

16
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To a very good approximatlion, the reflectance need not be
known 1f the transmittances of two samples of thickness
d, # d; are measured. The ratio of the transmittances

T, and 1, is
- (d|-J‘) - 2 -2‘62,
T, e [1 Re-h (3-2)

The quantity in brackets will be nearly unity when RzﬂﬂaKl.
Therefore Eq. (3-2) may be used to measure X, This
technlque has been used conslstently to measure the
absorption coefficient.

The apparatus used to measure the transmittances 1s
shown schematicselly in Fig. 3. The tungsten fillament
source (S) was water colled and operated from a battery
(B) to give the needed stebility. Mirrors M, and M,
focused the filament on the entrance slit (E) of a Leiss
double prism monochromator equipped with flint glass
prisms to give high dispersion in the visible portion of
the spectrum. The monochromatic light from the exit
81lit (E') was refocused in the cryostat (C) by the mirrors
M3 and Mu. Eilther of the two samples S1 and 82 may be
rotated Into the beam. The intensity of the transmitted
light was detected by an EMI 9558QA 10-stage photomulti-
plier tube (P) which has an S-20 spectral response for
low dark current and high quantum efficlency near 7000X.

The high voltage for the photo tube was provided by a
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Fluke 1j03M d-c supply (V), and the current was measured
by a Keithley L1l micro-microammeter (A). The output of
the ammeter was fed into a Minneapolis Honeywell (Brown)
recorder (R) equlpped with an operation pen which was
coupled to the wavelength drive (W) so that photo-current
and wavelength could be recorded simultaneously. The
sample temperature was measured by a thermocouple

(Au: 2.1%Co-Ag: 0.37%Au) (T).

The monochromator was callibrated against the
operatlion pen markers using spectral line sources. Thse
calibration 1s accurate to + 0.001 eV and the instrument
was capable of resolving ~ 0.0005 eV in the region of
Interest, The intenslty of the lamp was constant at all
wavelengths after a 15 minute warm-up time and only
freshly charged batterles were used for each set of
measurements. The photocurrent was recorded continuously
as a function of the wavelength for both samples, one
after the other, always scanning in the same direction
to minimize the effects of backlash 1n the monochromator.
No difference in the results was observed when the order
of the measurement was reversed. The cryostat consilsted
of a 1liquid alr reservoir which was lsolated from the
samples, GCoolling to any temperature between liquid
helium temperature and room temperature was achleved by

clrculating the liquid from the reservoir around the sample
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holder. An outer liquid nitrogen shleld kept radiation
losses small, and the semple was surrounded by a second
shleld which was kept at the same temperature as the
sample. The thermocouple used to measure the sample
temperature was mounted on the sample holder since the
thin samples would not support a thermocouple junctlon,
No difference in temperature could be detected between
the semple holder and & thick semple itself at 80°K.
The temperature measurements are belleved to be accurate
and constant throughout the time of measurement to iBOK
at all temperatures. All samples were maintained at the
desired temperature for more than 30 minutes before
measuring to be certsin that thermal equilibrium had
been reached,

The absorption coefficlent was determined from the

relation

A = fhs(FViJ
d.-d,

where L, and iz are the photocurrents corresponding to

the two transmittances. The thicknesses Az and d, were
measured using micrometer calipers which gave an uncer-
tainty in the thickness of +3p , but the observed deviatlons
were considerably less. Thin films were checked using the

26

Fizeau interferometric method and +1pm accuracy was
demonstrated., The estimated error 1In the absorption

coefficient is about +1%, or +0.03 em L at low levels.
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The semple holder in the cryostat was a massive
plece of copper with recessed holes in which the samples
could be held with copper retalnling rings. It was neces-
sary to use thin Kel-—F27 rings on elther slde of the

sample to prevent breskling the samples at low temperatures.

2. Ssample Preparation

Two techniques were used to prepare samples for
absorption measurements. First, amorphous samples were
made by rapld cooling from the molten state, and second,
vacuum evaporation was used. To insure that the samples
were amorphous, Laue diffraction patterns were observed
which showed no apparent order. The selenlum used in
this study was purchased from the American Smelting and
Refining Company. The purlty was believed to be greater
than 99.999% with less than 1 ppm. of: Te, Cu, As, Si, S,
and other halogens. Further purification was not attempted.

No special techniques are required to handle molten
gselenium because of the low melting polint (21700). Samples
wlithout bubbles or other defects were prepared by melting
the selenium in an evacuated, sealed pyrex tube 1 cm in
dlameter, The melt was malntained at 36000 for several
hours and cooled by immersion in 20°C water. The time
required to cool the selenium was less than 5 seconds.
After removing the glass tubing, the selenium was cut with

a diamond saw into 2 mm thick pleces which were mechan-
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lcally polished using aluminum oxide grit with soapy water
as the lubricant. The minimum sample thickness which could
be obtained in this manner was about 0.5 mm. The samples
were examlined at liquld nltrogen temperature for hidden
defects uslng a low power microscope.

Considerably thinner samples could be prepared by
vecuum evaporation. There was severe damage to the fillms
evaporated on quartz or pyrex substrates when cooled below
0°C because of mismatched thermal expansion coefficilents.
The fi1lms would adhere to elther sodilum chloride or Kel-F27
substrates at all temperatures because thelr thermal
expansion coefficlients more closely match that of gelenium
In order to remove all stress on the film caused by the
Substrate, selenium was evaporated onto aluminum coated
Mylar substrate328 which were 0,001 in., thick. The
necesslty of unsupported films is demonstrated in the
following chapter.

The Mylar could be peeled away from the selenium
leaving an unsupported film. All evaporatlons were done
at a pressure of NlO_S torr keeplng the crucible at
360 + 5°C and the substrate at 52 + 2°C. The substrates
were located approximately 5 inches from the crucible
which gave an evaporatlion rate of about 2.SX per minute,
The substrate holder was designed to permit two fllms of

different thicknesses to be evaporated under 1dentical
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conditions. To insure that the temperature would be
unliform across the thin substrate, 1t was necessary to
mount the mylar sheets on more massive pleces of glass
using Corning vacuum grease as the binding agent. The
completed f1lms were removed from the vacuum chember
immedlately after evaporatlon, the mylar was slid off
the glass, and peeled away from the selenlium film. This
process and mounting the film In the cryostat took no
more than ten minutes. The procedure prevented curling
of the films and kept contamlnants from the alr at a
minimum, Unsupported fillms as thin as 10,4 could be

produced in this way.



CHAPTER IV
RESULTS

1. General Observations

The abgsorption edge of amorphous selenium has been
studled by many workers. A large asmount of thls work has
been done at room temperature, Previous resultsll'12’29'33
and the values found 1n this study have been summarized
in Fig. L. The collectlon of data covers a time span of
about 15 years, and many different sources of selenium,
methods of semple preparation, and techniques of measure-
ment are repregented. In splte of these differences, the
agreement 1s remarkaebly good. The purpose of the presgent
study was not simply to add to the fund of data shown in
Flg. L, but to exemine the lower portion of the curve more
closely in asn effort to determine the functional depend-
ance of the absorption on energy and temperature and to
get some insight Into the absorption process.

One feature of the absorptlion spectrum which is
immediately spparent 1s that & appears to vary
exponentially with photon energy over many orders of
magnitude, The discussion in Chapter II would lead one
to expect such a dependance 1f the simple band model

and dengity of states were applicable in this case.

Since the equatlions glven above are valid only for

2l
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Fig. 4. The absorption-edge spectrum of amorphous Se at room temperature
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rhoton energles near the band gap, a close examlnation of
the low energy tall of the spectrum at many temperatures
1s necessary to reveal the structure predicted by the
band model.,

The temperature dependance of the absorption edge
was measured by Gilleoz9 in 1951. He observed that at
relatively low absorption values, the edge shifted
towards higher energles with decreasing temperatures.

In Fig. 5 of hils paper, he has plotted the logarithm of &
agalnst YT for elght wavelengths., The absorption
spectrum Gllleo observed at three different temperatures
has been replotted from that data here in Flg. 5 to show
the shape of the absorption spectrum more clearly. The
exponentlal behavior appears to hold even to the lowest
temperature he measured, but the small number of points
for each curve makes & detalled analysls d4ifficult. The
change of the slope wilth temperature in Gllleo's data was
noted by R. M. Blakney3u and compared to Urbach's empir-
lcal rule35 first observed in the absorption spectrum of

the silver halides in 1953:
oL= &, exp[%r (E'Eo)] (L-1)

where o,, O and E, are constants characteristic of
the material, snd T 1s measured on the absolute scale.

Using Gilleo's data, Blakney found the value of O to
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have a nearly constant value of O.lj, but the magnitude

of the shift was not consistant with Eq. (4-1). This is
not too surprising since the rule had previously been
reported only for crystalline materi als. In order to
study the apparent close connection between Urbach's

rule and Gilleo!'s data, a more detalled study of the
absorption edge in this region has been made. The

values of the absorptlon coefficlent measured 1n this
investigation have been plotted in Fig. 6 for nearly

the same three temperatures shown for Gillleo's data 1n
Fig. 5. The two sets of data shown are for unsupported
films and films evaporated onto freshly polished sodium
chloride substrates. The rate of evaporation and substrate
temperature during evaporation were ldentical for the two
sets of films. The apparent difference in the values of
the absorption coefficient for the supported and unsup-
ported films 1s due to the effect of substrates. Since
the curves at room temperature agree falrly well, it 1is
possible that the difference in the coefflcients of
expansion of the two materlals intorduces a large amount
of strain into the sample on the substrate, especially

at low temperatures. The dlscrepancy between the measured
values of o for this study and Gilleo's29 1s even larger.
The slope of the exponential at room temperature 1s about

the same for both cases, but Gllleo's results are about
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a factor of 2 larger than the values of Fig. 6. Two
different technlques were used to measure the film
thickness in the two studles which could, in part account
for the difference. Another large difference between
these results 1s the change in slope which Gilleo observed
which was never seen to such a degree 1n the present study
The electrical properties of evaporated selenium films
have been shown to depend on the temperature of the
substrate during~evaporation36. The optical properties
might also show such a dependance which would help to
account for some of the discrepancies in the results of
the two studies., Since Gllleo did not report the sub-
strate temperature used for hls experiment, nothing
definite may be sald about thls either. Whether Gilleo's
"rock salt" substrates were cleaved or polished 1s like-
wise not known. The cleaved surface might have an effect
on the bonding and hence straln Introduced at low
temperatures.

The shift of the absorption coefflclent with
temperature 1s often dlscussed in terms of the lattice
dllation effect and the lattice broadening effectlo. The
results of this measurement for these three different
sets of data are shown in Fig. 7 where the energy for

which ol= 23.5 cm™ is plotted against absolute temper-

ature. The slopes of the linear portions are indicated
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in the figure. The unsupported films seem to show a
larger shift, but in general, these results are in

reasonable agreement, with values near 1072 eV/°K.

2. Investigation of Structure in the Absorption Edge

Because of the large effect of the substrates on the
optical absorptlon edge, only the results for unsupported
films willl be discussed further in hopes that the data are
repregentative of the material itself. The slight
deviatlons from the exponential edge seen upon close
Inspection of data for unsupported films in Fig 6 will
be the subject of all further discussion.

The absorption edge of hexagonal selenium was
investigated by Choyke and Patrickl/ using a photovoltalc
method from which only the relatlve absorption may be
deduced. A more recent measurement on slingle selenium
crystals by Eckart and Henr'ion38 used direct optical
methoda., Both studies found that the onset of absorption
was characterlistic of indirect band to band transitions.
Because of the close relastlonship which exlsts between
hexagonal and amorphous selenium, the results of the
former study are presented here for comparison. The
square root of the relatlve absorptlon coefficient has
been plotted against photon energy for Chyoke and Patricls
data>T in Fig. 8(a). Both their experimental data and

the curves generated from the expression
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are shown. The values of the indirect band gap and the
phonon energy they have deduced from the experlmental
data are shown in Fig. 8(b). These results are indicative
of indirect band to band transitlons similar to the early
work on germanium and silicon39’uo. The strongly tem-
perature dependant phonon energy which they needed to f&
the data 13 somewhat unusual, however, They have argued
that since the crystalline form expands salong the c-axls
and contracts perpendicular to the c-axls on cooling,
the unusual temperature dependance of the phonon energy
1s not surprising. They experienced considerable dif-
flculty at lower temperature iIn fitting the data as
indicated by the missing points below 200°K in Fig. 8(b)
for the phonon energy. Eckart and Henrion38 measured the
spectrum only at room tempersture, but found that'&9=51059v
and for light polarized parallel and perpendicular to the
c-axis E,;."l-"bev and E;_L‘i-73ev respectively.

In the present work, the low energy tall of the
absorption spectrum of amorphous slenium was closely
analyzed to see i1f there was any simllarity between 1t
and the spectra measured by others for hexagonal selenium.
First attempts were made to flt the experimental data to

an expresgion of the form
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o=, (E-E)* + ¢, (E-E,)* (L-2)

wherse C; and E; are parameters which are dependant only
on the sample temperature. A computer program described
in the Appendix was used to determine the values of C;
and E; which would give the best fit. The phonon energy
and the indirect band gap energy were determined from the

relations
ﬁe'-‘ yz (Et-E,)

and
7

Ef= E,-R8

where E, > E, . The value of M in Eq. (2-10) could be
determined numerically from C, ’ C2 and © . According
to the theory, M should be independant of the sample
temperature, but a strong temperature dependsnce was
needed in the term correspondlng to phonon absorption in
order to agree wilth the data. Rather than impose some
arbltrary temperature dependance on M 1t was found that
adding a constant term S(O)tx:the expression for the
number of phonons which could be absorbed at a temperature
T allowed the data to be fit in a convincing manner, The
constant S(6) corresponds to a source of momentum for the
indirect transitions which i1s independant of temperature.
This takes into account the way 1in which defects can act

as sources of momentum in a perfect crystal. It is not
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surprising to find such a term 1n amorphous selenium where
the "defects" will be so prevalent. The proposed equation
for the sbsorptlion coeffilcient when there are other

sources of momentum in addition to phonons 1s given by

o= M{[S(O)i- é;.,,“l-‘:ﬂ [E-(E‘,'Hee)]2 + r_tﬂ/? [E-(E" -‘ke):r} (L-3)

The experimental data and the curve generated from thils
expression are shown in Flg. 9 where the values of Eé'
and RO shown in Flg. 10 were used to calculate the
s011d curves with 3@ = 0,0925 and M = 101‘L ev2 cm_l, in
Eq. (4-3).

The agreement between the shape of the experimental
data and the computed curves, while not perfect, is
surprisingly good. The temperature dependance of the
Indirect band gap and phonon energy show some similarity
to that seen in Fig. 8(b). The phonon energy is larger
than that measured in the same temperature range by
Choyke and Patrick37, but agrees with the results of
Eckart and Henrion38. The Infrared absorption spectrum
of amorphous selenium shows maxima at 0.031L eV and
0.0608 eV. The latter showing a temperature shiftul
ldentical to that observed here,

There 1s one feature of the curves shown 1n Fig 9

which is pregsent at all tempersatures. At the knee of the
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curves between the two nearly linear portions a small,
sudden rlse in the absorptionis seen which is similar,
although less pronounced, to a feature 1in the germanium
spectrum that has been Interpreted as absorption by
excitonsl. An exclton level has been proposed for
emorphous selenium which lies 0.08 eV below the con-
duction'band23. The discussion in Chapter IT showed
that the behavior of the absorption coefficient becomes
more complex when indirect excitons are included. The
problem of fitting the data 1s an extension of the case
described ubove excepl uLiiml we now need to fit the

expression

¥,
ol = Z Ce: (E-Egi) *

A

+ ; Cy; (E‘Ebj)z (4-5)

to the experimental data. The first summation describes
formatlion of indirect excitons and the second accounts

for band to band transitions. The data shown previously
in Fig. 9 has been repeated in Fig. 11 where curves for
only four temperatures are shown. The solld curve was
calculated from Eq. (4-5) using the value of C; and E;
which gave the best fit. The two lowest temperature curves
were fit with four terms in Eq. (L-5), two of each power.
The best fit for the two highest temperature curves was

obtained only when three 3/2 power terms and two squared
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terms were used. The addition of thils term mey cor-
respond to the formatlon of excltons with higher energy
phonons, but the evlidence for thils 1s too slight to

be able to form any deflnite conclusions. The values of
E", Eu(o) and ke were determlined from the fltted curves

using the relations

‘kgg ’/2. (Ebz —Ebi) ,

Es'= Eb2 "*9

and

Egn (0) = Es’ +-k9 - Ee3

The values of these quantities whl ch gave the best
fit are given 1n Table I, and the temperature dependance
of the 1ndirect band gap 1s indlcated in Flg. 12. The
value of RO should also be given by Y2 (Ees~Ee) but 1t
wag belleved that smell errors In the measurements of the
low values of the absorption coefficlent rendered the
values calculated in thls manner less accurate. The
fact that there was good agreement at room temperature
was thought to indlcate that the same energy phonon was
responsible for both the indirect band to band transitions
and the formation 1f indlrect excitons. It 1s seen on
inspection of Table 1 that the value of Egl) has an
average value of 0,076 eV which 1s 1n good agreement
with the value found by Hartke and RegensburgerZB. This

energy 1s probably independant of temperature over the
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range of these measurements. Another satlsfylng result
is that the phonon energy has now been shown to have a
nearly constant value of 0,023 eV which 1s a more
reasonable energy than when exciton effects are omitted.
The effect of errors in the low absorption measure-
ments also seems to have shown up in the coefficients Ce¢
end Cp; glven in Table 2. Although there are some slight
inconsistancies, the portlon of the curve corresponding
to Indirect band to band translitions can be described by
an expression of the form of Eq. (L4-3) letting S@)= 0.305
and M = 1.08 x 10"L eV em 1. The remainder of the
curve describing the creation of 1ndlrect excitons could
not be described by such a simple extension of the theory
of Chapter II. Although the coefficlents have the proper
tendency to Increase with Ilncreasing temperature, no
strict functional dependance on temperature was observed,
One possible reason for this 1s that the. coefficients
calculated are very sensitive to small errors. These
errors will probably not affect the functlonal dependance
on photon energy, but will tend to obscure the exact
temperature dependance of these coefficlients., It 1is
also possible thaet the mechanism for the formation of
Indirect excitons in en eamorphous solid 1s not properly
represented in the simple theory for crystalline solids.
These detalls of the lack of correspondance between

the coefflicients of the energy terms found in the exper-
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Imental data and that proposed by the simple theory is

not thought to be a serlous limitstion considering that
the theory of 1ndirect transitions has been developed for
perfect crystals, not amorphous solids. Judging from

the results shown in Fig. 11, it 1s the conclusion of this
gtudy that the tall of the absorption edge in amorphous
selenium 1s caused by indirect transitions between the
conduction trand and the valence band, and by the formation
of Indirect exdtons. The devlatlons between the cal-
culated curve and the experimental data at low absorption
values are probably due either to small errors 1n the
measurement or to absorptlon by lmpurity or defect states
that must exlst because of the disorder. The continued
rise 1n the measured ebsorption at the higher levels 1s
undoubtedly due to other trensitions which may be direct,
although the difficulty encountered in making and measuring
thinner unsupported films prevented an investligation of

thls conjecture.



CHAPTER V

DISCUSSION

Although optical absorption near the fundamental
absorptlon edge of semiconductors 1s capable of predicting
the shape and locatlon of the highest valence band and the
lowest conduction beand, in practice, such predictions are
difficult. The experimentalist must keep a careful eye
toward progress 1ln theoreticasl calculations and results
of other experiments. In thls chapter a tentative
extenslon of an exlsting band calculation 1s made with
the reallzation that the data found above are insuf-
flcient to make any definlte determination of the bands.
The proposed energy band model for amorphous selenium 1s
belleved to explain not only the optical properties, but
many of the other experimental observations as well. To
better understand the reasons behlnd the proposed
extension, a review of previous band calculations on
both selenium and related materlals 1s presented together
with a discussion of some pertinent experiments on the
electrical propertles of amorphous and hexagonal selenium.

Early work on the band structure in selenium 1s
reviewed by Olechna and Knox“'2 who have just completed
& tight bilnding calculation for selenlum chains. Since

the major feature of the structure of amorphous selenium

L7
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1s the long spiral chalns, this calculation has been
chosen as the starting place for modifications which will
ald 1In explalning the observed properties. Their results,
which wlll be discussed at greater length below, showed
that along the direction of the chains (e-axis in hexagonal
selenium), The minimum band gep 1s direct and located in

»
k = 0. Herman has done = "nearly

]: -3pace away from
empty lattice" calculation for hexagonal seleniumu3 which
shows & minimum 1n the conduction band which would give
rise to Indirect transitions, but;Knox]'u‘L feels that the
tight (nearly covalent) binding along the chains would

rule out the posslbllity for such & band shape. Hulin}'LS

has done an L.C.A.0. calculation for tellurium whose
structure and properties are similar to those of selenium
His calculation showed that the energy bands are similar
to those found by Olechna and Knox in the same direction
in E.—space, but that the minimum separation 1n the bands
occured at other polnts. The behavior of both the con-
ductlion and the valence bands was qulte complex, and he
was not able to state exactly where the extrema occured.
We can conclude that theoretlcal studies have shown that
along the direction of the chains the band gap 1s direct
and that there may be a maximum 1n the valence band and

-
a minimum in the conduction band somewhere else in k-space.
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For further clues 1nto the form of the bands, let us
review some of the recent experimental work which has been
done on the photoelectrical properties of both hexagonal
and amorphous selenium. Gille029 measured the absorption
edge and photoconductlon edge for both hexagonal and
amorphous selenlum, He found that the absorption edge
and the photoconduction edges in the hexagonal modification
nearly colncided, but that the onset of photoconductivity
In the amorphous materiasl was shifted toward higher
energles by about 0.3 eV. Hartke and Regensburger23 have
attempted to explain the shift 1n amorphous selenium by
proposing the existance of an exciton 0.08 eV below the
band gep of 2.53 eV. They did not dlscuss the photo-
conduction edge 1n hexagonal selenium., It would not be
expected to find strong exciton absorption 1n the non-
crystalline modification 1f 1t did not also exist 1n the
6

crystalline form. Grunwald and other53 have observed
electron and hole trapping levels 1n macroscoplc electri-
cal conductivity and charge transport measurements,
Using a band model, these levels have been thought to
exlist Jjust above and just below the conduction and
valence band,

Previous band models for amorphous selenium have

been concerned only with energy levels without any con-

sideration for the polnt symmetry of a particular atom.
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A band model with such symmetry 1s proposed here. It
must be emphasized that the meaning of a band model in
this amorphous material has a different meaning from that
usually assocliated with a perfect crystal. The space
group symmetry used 1s identical to that of hexagonal
selenium, The symmetry directions, however, are
referred to a few atoms in some small, localized region
of space. There 1s absolutely no correlation hetween a
direction in.i:-space eand & direction in the amorphous
sample, The exlstence of short range hexagonal
structure in the amorphous form 1s used as the baslis
for proposing such a band model to describe the energy
levels for a small number of atoms in the amorphous
network which makes up the macroscopic sample.

For this reason 1t 1s necessary to distingulsh
macroscopic from microscoplic properties. Optical
ebsorption is a microscoplc property of a solld since 1t
1s primarily atomic 1n origin. The atomic levels of an
atom are influenced by the presence of the other atoms
in the solid, but only one electron 1s exclted by a
gingle photon., Measurements of charge transport and
other electrical properties are macroscopic since the
motion of the electron or hole in the entire solid 1s
examined. A band model 13 proposed below which shows

the short range band scheme. The same model 1s used to
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describe the macroscopic properties only wlth the under-
standing that these are controlled primarily by one
direction, namely the chaln direction.

As an ald to the discussion which follows, a
dlagram of the first Brillouin zone for hexagonal selenium
1s shown iIn Fig. 13. The notatlion for labeling the polnts
of high symmetry is the same conventlon as used by Hermanm{
We assume that the band shape along the ['-A direction is
the same as that calculated by Olechna and Knoxh2 as shown
in the reduced zone of Fig. 1ll,. Because the atoms are
bound so tightly along the chalns and so weakly bound in
the plene containing ", M, and K, the bands in this
plane will tend to be qulte narrow. Hulin's}'LS results
for hexagonal tellurium Indicate that the extrema in the
bands occur probably near the points marked H and L.
From the considerations  the binding, we would expect
that the bands 1n this direction would also be relatively
narrowuu.

Let us postulate that the trapping levels observed
in measurements of charge transport are actually levels
in other directions in F’—space than the chain directlons.
These levels willl then be locelized 1n small regions of
the ssmple. Taking recent data from Gr-unwald's36 measure-
ments for samples made under similar conditions, we
postulate that a minimum in the conductlon band exists

0.3L eV below the minimum at A, and that a maximum in the
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valence band will be found 0.25 eV above the level at A.
These two energles correspond to the trapping levels for
electrons and holes respectively. The locatlons of the
extrema were chosen so &s to agree in principle with
Hulin'sus results for tellurium., The rest of the bands
were drawn failrly flat with a firm hand simply to com-
plete the plcture, since there 1s no experimental
evidence for any levels other than those mentloned.

These results combined with the value of the indirect
band gap at room temperature of 1.72 eV gives the direct
gep at A as 2.29 eV, This result is 0.3l eV greater than
the results of Olechna and Knox's calculationu2, and 0.24
eV smaller than the value used by Hartke and Regensburgerzi
It should be remembered that this band model has been
based on the samples evaporated onto substrates held at
53%C. It would not be surprising to find different
regults for other substrate temperatures. The former
difference 1s undoubtedly due to the differences in the
second nelghbor distances for the two forms of selenium
being considered, and the second difference may be due

to the somewhat arbitrary choice of the energies of the
extrema relative to the direct gap at A. It 1s apparently
fortunate that the band extremsa in Hulin's c&lculation)‘LS
were found in reglons of the first Brillouln zone whereiz

0
1s large. The very small domains (~10A) of hexagonal



55

order would 1imit the valldity of this model severly were
it not for the large E?values or short wavelengths asso-
clated with these energy levels. Even the small size of
the domains will not be a limltation because of coherence
problems.

This band model seems to incorporate many experimen-
tal observations for the first time. First, and most
important, 1t shows that absorption by indirect transi-
tions will control the low energy region of the
fundamental edge, Second, it shows that these transi-
tions will not produce electrons or holes which will be
free to conduct because of the small coherence region.
Third, 1t shows that as the amorphous selenium 1is trans-
formed Into the hexagonal form, the absorption will
produce carriers that will be able to move throughout
the crystal., Finally, this model shows how the
structure and amount of order affect the trapping levels
to a certaln degree, There remaln many questlons that
cannot be fully explained until improvements have been
made on the rather crude beginning for this model,
however, Some suggested investigations which will add

to thils model are dilscussed in the followlng chapter.



CHAPTER VI

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The absorption-edge spectrum of amorphous selenium
has been measured at several temperatures below room
temperature. Previous results which led to speculation
about Urbach'!'s rule were not observed. Structure seen
In the spectrum was interpreted by the band theory in
the manner used for other semiconductors. The results
Indicated that an indirect band gap and formation of
Indirect excitons were the cause of the onset of strong
absorption. Results of other experiments and recent
band calculations were used to draw a hypothetical energy
band structure for the material.

As in meny experiments, a few findings ralse an
even larger number of questlions and 1deas for other
experiments., The rather novel suggestion of a band
structure with definlite symmetry needs considerable
work toward further confirmation. Good single crystals
of hexagonal selenlum have recently become avallable.
This makes the more simple crystalline phase the obvious
starting place for further studies of selenium. The
Indirect band gap has been observed in hexagonal selenium,
but no mentlon of excitons has been made to this author's
knowledge., That they appear in the amorphous modification

and not in the crystalline form would be surprising

56
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indeed. Perhaps neutron diffraction would provide some
information sbout the phonon spectrum as an aid to
locating the band extrema,

Grunwald's results have indicated a shift in the
trapping levels for films evaporated at dlfferent substrate
temperatures. The effect of substrate temperature on the
indirect band gap should give some further 1ldea sbout the
connectlon between trappling levels and the tkand extrema.
The relation between the momentum source term and sub-
strate temperature would also be lnteresting to observe
since thils term In the expression for the absorption
coefficient 13 related to the amount of disorder 1n the
sample,

The difficulty 1n fitting the coefficient of the
Indirect exciton term to any theoretical expression
warrants further investigation. Buch a study would
undoubtedly require experimental apparatus with less
possibility for error. It may be necessary to measure
the reflectivity near normal incldence for all temper-
atures to be able to determine the low level absorption
more accurately then in this experiment. The reflectlvity
spectrum at higher energles would also be helpful in
locating positions of bands which do not contribute
directly to the onset of absorption.

Cyclotron resonance, magneto-absorption and other
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measurements in magnetic flelds should add greatly to our
knowledge of the band structure of selenium. The
necessity of orlentling the symmetry axes of the material
wlth respect to the magnetic fileld inmny experiments may
require the use of good single crystals.

Amorphous selenlum exhibits many properties common
to all glasses, In particular, above the glass transition
temperature (~305°K), many parameters such as the
volume coefficlent of expansion.change irregularly. This
transition 1s evidently caused by a change in the structure
or order which might be studled by the optical properties

when they are better understood.



APPENDIX

CURVE FITTING TECHNIQUES

The laborious task of fitting theoretical absorption
curves to experimentel data has been eased somewhat by
use of the IBM 7074 computer. The technique 1is essentlially
that used when fltting the curves by hand. The form of the
theoretical equations allows them to be cast into nearly
linear equations by taking the appropriate root. A least
squares technique ylelds the slope and intercept of the
linear equation which best fit the data.

Let the expression to be fit be of the form

dﬁh = lé':i C‘. (E"E‘)‘i

The problem involved in using a least squares fit is that
each E¢ 1s usually different, but each term is zero until

E 2 E, . Therefore for E¢E, the expression

dth%" = C, (E-E))
will be linear in «*¥ and £ . Since the origin of the
next higher term has yet to be determined, only an
unknown number of data points should be used. The
program used a predetermined number of points n which
would be used as a first attempt at fitting the line
using a standard least squares technique. The fit was

then extended cnce as long as the next point did not
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exceed some fractlon F of the mean deviatlion for the
flrst n points.

The values of dyg= Ci(E-Ez)ﬂ were calculated for
the entire range of the data, and a new set of experimen-

tal points
)
o] ), _ 4] A,
Aeyp = ["‘Jatn,‘ “t\d.] = | %dote é— C (- Ee)

were celculated, For dtv,greater than some oly;n the
least squares fit for the next term was determined in
the same way untll all of the curve had been fit.

The accuracy of the fit was controlled by the
ad justment of the parameters a,;, and F. The program
could automatically adjust either one or both of these
unitl an acceptable mean deviatlion had been achleved,
or the operator could adjust them from run to run. For
ease 1n interpretation, the Calcomp II plotter was used
to compare the data and the fitted curve graphically,
and numerical comparison was provided by the calculated

mean deviation.
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